Fujinaga H, Baker CD, Ryan SL, Markham NE, Seedorf GJ, Balasubramaniam V, Abman SH. Hyperoxia disrupts vascular endothelial growth factor-nitric oxide signaling and decreases growth of endothelial colony-forming cells from preterm infants.
nitro-L-arginine treatment inhibited VEGF-augmented growth in RA and hyperoxia. We conclude that hyperoxia decreases growth and disrupts VEGF-NO signaling in human preterm ECFCs. VEGF treatment restores growth in hyperoxia by increasing NO production. NO treatment also increases growth during hyperoxia. Exogenous VEGF or NO may protect preterm ECFCs from the adverse effects of hyperoxia and preservation of ECFC function may improve outcomes of preterm infants. endothelial progenitor cells; umbilical cord blood; bronchopulmonary dysplasia; retinopathy of prematurity; nitric oxide synthase DESPITE IMPROVEMENTS IN PERINATAL CARE, chronic lung disease after premature birth, known as bronchopulmonary dysplasia (BPD), remains a major clinical problem, with an estimated 10 -15 thousand affected infants in the United States each year (8, 57) . Patients with BPD have persistent abnormalities in gas exchange, exercise intolerance, a high risk for pulmonary hypertension, and recurrent respiratory infections (1, 19, 40, 57) . BPD is primarily characterized by impaired lung vascular and alveolar growth, including alveolar simplification, decreased lung surface area, and reduced growth of the capillary bed (15, 30, 38) . Several mechanisms contribute to the pathogenesis of BPD, including exposure to hyperoxia. Experimental and clinical studies (14, 52) have shown that hyperoxia impairs lung vascular and alveolar growth in preterm infants.
In addition to the high risk for BPD, hyperoxia also contributes to abnormal vascular growth in the developing retina, causing retinopathy of prematurity (ROP; Ref. 56 ). Laboratory studies (22, 56) have demonstrated that high oxygen tension disrupts normal vascularization of the immature retina, leading to marked injury followed by impaired recovery that is characterized by excessive vascular growth.
Altered vascular endothelial growth factor (VEGF) signaling contributes to hyperoxia-induced vascular disease in both BPD and ROP. In human studies of BPD, VEGF was decreased in tracheal fluid samples from at risk premature neonates who subsequently developed BPD, and lung VEGF and VEGF receptor-1 (VEGFR-1) expression was decreased in infants who died with BPD (9, 43) . In animal studies, hyperoxia decreases alveolar VEGF expression (48) , and selective VEGF receptor inhibition reduces lung vascular growth and alveolarization (35, 44) . These results suggest that endothelial-epithelial cross-talk, especially via VEGF signaling, is critical for normal lung growth following birth and that disruption of VEGF signaling impairs lung vascular growth and alveolarization. In addition to models of neonatal lung disease, impaired VEGF signaling has also been demonstrated in experimental models of ROP, with hyperoxia causing an early decrease in VEGF expression during early retinal injury, which is followed by late elevation of VEGF that mediates the excessive retinal vascularization of progressive disease (56) .
In the developing lung and elsewhere, nitric oxide (NO) mediates the angiogenic effects of VEGF via activation of VEGFR-2 and stimulation of downstream signaling pathways (7, 47, 50, 54) . Previous work from our laboratory (41) showed that VEGF treatment enhances alveolarization after hyperoxic lung injury in neonatal rats and that inhaled NO improves lung growth in infant rats after either hyperoxia or treatment with a VEGF receptor inhibitor (46, 58) . However, mechanisms through which VEGF or NO improve lung growth after hyperoxia are not fully understood.
In addition to angiogenic mechanisms, vascular growth during development also occurs through vasculogenesis (16, 27) . Vasculogenesis is the process of blood vessel formation via differentiation of endothelial progenitor cells (EPCs) into endothelial cells (39) . Several studies (4, 12, 18, 53, 61) of adult vascular diseases have demonstrated that EPCs may play an important role in the pathogenesis or treatment of vascular injury. However, the roles of EPCs during normal vascular development or in response to injury, especially in the setting of prematurity, remain unknown.
Several distinct populations of cells have been reported as EPCs (2, 26, 45) . In the majority of studies to date, EPCs were identified and enumerated by two methodologies: flow cytometry or in vitro cell culture. By flow cytometry, EPCs have typically been identified as cells expressing CD34, CD133, and VEGFR-2 (51). In cell culture, there is a distinction between early outgrowth EPCs (also known as colony-forming unit endothelial cells or CFU-ECs) and late outgrowth EPCs [known as endothelial colony-forming cells (ECFCs); Ref. 31, 51] . CFU-ECs are not highly proliferative and have characteristics of both angiogenic macrophages and hematopoietic cells (62) . ECFCs are characterized by a cobblestone-like morphology in culture, express endothelial cell surface markers, have a high proliferative potential and the capacity for self-renewal, are able to develop a vascular network in vivo, and do not ingest bacteria (31, 33, 51) .
In studies of CFU-ECs, VEGF is one of several factors involved in EPC mobilization from bone marrow (3, 24, 60, 63) , recruitment and homing to sites of neovascularization (24, 34, 63) , and development (60, 63) . VEGF increases mobilization through PI3K/Akt-dependent activation of endothelial NO synthase (eNOS; Ref. 60) . eNOS is required at the site of vessel formation by EPCs (17) and regulates proliferation, apoptosis, and differentiation of EPCs (49). Jiang et al. (36, 37) demonstrated that hypoxia-inducible factor-1␣ (HIF-1␣) regulates VEGF, VEGFR-2, and eNOS expression. In addition, previous work from our laboratory (6) demonstrated that hyperoxia reduces lung VEGF, VEGFR-2, and eNOS expression, and CD45
Ϫ1 /Sca-1 ϩ /CD133 ϩ /VEGFR-2 ϩ cell levels in the blood, bone marrow, and lungs in a mouse model of BPD.
With regard to studies of ECFCs, Ingram et al. (32) showed that oxidant treatment decreases the clonogenic capacity and increases apoptosis of ECFCs. We (5) recently reported that umbilical cord blood from preterm infants contains more ECFCs than term infants; that preterm ECFCs have greater growth potential but are more susceptible to hyperoxia-induced oxidative stress; and that the adverse effects of hyperoxia on preterm ECFC growth are prevented by treatment with the antioxidants, SOD, and catalase. These studies suggest that hyperoxia alters preterm ECFC function, but mechanisms underlying these effects are unclear. Although impaired VEGF and NO signaling have been linked with vascular injury in the developing newborn (9, 43, 50) , the direct effects of hyperoxia on VEGF-NO signaling in human ECFCs are not known. Therefore, we hypothesized that hyperoxia decreases preterm ECFC growth through disruption of VEGF-NO signaling and that treatment with VEGF or NO would restore or enhance preterm ECFC growth.
MATERIALS AND METHODS

Cord Blood Samples and ECFC Isolation
The Colorado Multiple Institutional Review Board approved all protocols included in this study. Preterm cord blood samples (gestational age; 27-34 wk) were obtained at birth from deliveries at the University of Colorado Anschutz Inpatient Pavilion. After informed consent was obtained, cord blood was collected in a heparinized 60-ml syringe directly from the umbilical vein. Samples were transferred to heparinized tubes and transported to the research laboratory at room temperature. All cord blood samples were processed within 24 h of collection. ECFCs were isolated and characterized by light microscopy, flow cytometry, and immunohistochemistry, as previously described (5, 45) .
Cord blood samples were processed as follows. Fifteen milliliters of blood were diluted in 20 ml PBS (Invitrogen, Carlsbad, CA) and placed in 50-ml conical vials. Blood was underlaid with 15 ml of Ficoll-Paque PLUS (Amersham Biosciences, Piscataway, NJ) using a steel pipetting needle (Popper and Sons, Lincoln, RI) and then centrifuged at 740 g for 30 min. The mononuclear cell buffy coat was then collected and washed three times with complete EGM-2 media (EBM-2 media with SingleQuot Bullet kit; hydrocortisone, human epidermal growth factor, human fibroblast growth factor-basic, insulin-like growth factor-1, VEGF, ascorbic acid, heparin, and gentamycin; Lonza, Mapleton, IL), 10% FBS (Hyclone; Logan, UT), and 2% antibiotic/antimycotic (penicillin, streptomycin, and amphotericin B; Invitrogen). Mononuclear cells were plated on cell culture plates coated with type 1 rat-tail collagen (BD Biosciences, San Jose, CA) at a density of 5 ϫ 10 6 cells/cm 2 . Cells were incubated in room air (37°C, 5% CO 2) for 14 days. Complete EGM-2 media were changed daily for 7 days and then three times per week. ECFCs were quantified on day 14. Single colonies were then passaged using sterile cloning disks (Labcor Products, San Diego, CA) and expanded by standard techniques. Low passage cells (p3 to p5) were used for each of the studies.
Characterization of Preterm ECFCs
Isolated preterm ECFCs developed a cobblestone-like morphology (Fig. 1A) . By flow cytometry, these cells were positive for endothelial cell makers (CD31, CD105, and CD146), weakly positive for CD34, and negative for CD133, a marker of cell immaturity (Fig. 1B) . Additionally, these cells were negative for hematopoietic (CD38 and CD45) and fibroblast (CD90) markers (Fig. 1B) . By immunohistochemistry, VEcadherin and vWF were strongly positive (data not shown). Preterm ECFCs spontaneously formed vascular-like structures in a threedimensional tube formation assay with collagen gel (Fig. 1C) .
Flow cytometry analysis. We analyzed cultured preterm ECFCs using fluorescence activated cell sorting. We resuspended 0.5-1.0 ϫ 10 6 cells in 80 l of DNase staining buffer (PBS with 2% FBS, 80 U/ml dornase alfa; Sigma, St. Louis, MO) to prevent cell clumping and 20 l mouse serum to prevent nonspecific binding of antibodies. Cells were then washed and stained with one or more of following: CD45-PEcyanine 7 (PCy7; Beckman Coulter IM3548U; Fullerton, CA), CD133-PE (Miltenyi Biotec 130-080-80; Auburn, CA), CD31-FITC (BD 557508), CD34-allophycocyanin (BD 555824), CD38-FITC (BD 335790), CD90-FITC (BD 555595), CD105-FITC (BioLegend 312403; San Diego, CA), CD146-FITC (R&D Systems FAB932F; Minneapolis, MN), the appropriate FITC-mouse IgG1 (BD 555748), or PE-mouse IgG1 (BD 559320) isotype controls. Immediately before analysis, propidium iodide was applied to the samples to identify dead cells. Cells were analyzed using a Beckman Coulter FC500 flow cytometer.
Immunohistochemistry. Preterm ECFCs were plated on type-1 collagen-coated 4-chamber tissue culture slides (BD Falcon) at a density of 2,500 cells per well. Cells were incubated in room air (37°C, 5% CO2) for 3-4 days until 90% confluent. They were washed with PBS, fixed with 4% paraformaldehyde (15 min), and then permeabilized with methanol (15 min) and 0.1% Triton-X (5 min). Then, 2% horse serum and 0.1% BSA were used as blocking agents to prevent nonspecific binding. Cells were washed with 0.1% BSA in PBS after blocking and between primary and secondary antibodies. Primary antibodies included the following endothelial markers: eNOS (BD 610297), CD31 (Dako M0823; Denmark), vWF-8 (Dako A0082), VE-cadherin (Cayman 160840; Ann Arbor, MI), and VEGFR-2 (Santa Cruz sc-504; Santa Cruz, CA). Cells were then incubated with appropriate FITC-conjugated goat-anti-mouse (Invitrogen A21202) and PE-Texas red-conjugated goat-anti-rabbit (In-vitrogen A21207) secondary antibodies. Finally, nuclei were stained with 4Ј,6-diamidino-2-phenylindole (DAPI; Vector; Burlingame, CA). Images were obtained using an Olympus IX71 fluorescence microscope (Olympus; Center Valley, PA). Three filters were used to acquire images: DAPI (blue); eNOS (green); and vWF, VE-cadherin, and VEGFR-2 (red).
Tube formation assay. The ability of ECFCs to form vascular structures in vitro was assayed by mixing 1 ϫ 10 5 ECFCs in 7.5% Cultrex type I bovine collagen (R&D Systems 344210001) and endothelial basal medium-2 (EBM-2; Lonza; no supplements). This cell/collagen/media mixture (0.5 ml) was then added to each well of a 12-well plate and incubated for 60 min. After incubation, 0.5 ml of complete EGM-2 media (1% FBS) was added to each well. The media were changed daily and the center of each well was imaged at 48 h using an Olympus IX71 fluorescence microscope (Olympus).
ECFC growth assay. Preterm ECFCs were plated in complete EGM-2 media with 10% FBS on collagen-coated 6-well tissue culture plates at a density of 2.5 ϫ 10 4 cells/well and incubated overnight in room air. Cells were grown in EGM-2 media with 2.5% FBS in room air or hyperoxia, at 40 -50% oxygen, for 6 days.
In preliminary experiments, ECFCs from human term cord blood were exposed to higher concentrations of oxygen than used in this study (60% and 80% oxygen). We found that with extreme hyperoxia, ECFC growth was not only inhibited, but cell detachment and death occurred as demonstrated by decreasing cell counts. When exposed to 40% oxygen, the growth of term ECFCs was not significantly different from that of room air controls. However, preterm ECFC cell number was significantly decreased after exposure to 40% oxygen. Based on these results, we chose to use 40 -50% oxygen in these studies. In addition, this level may better reflect the physiological levels that human newborns are exposed to after premature birth.
In preliminary serum-titration studies, we further found that ECFCs proliferate equally in 10% FBS and 2.5% FBS. To minimize the effects of FBS, we used the lower serum concentration for all growth assays. Moreover, because supplementation of EGM-2 media with VEGF might mask the effects of exogenous VEGF in our study protocol, VEGF was not added to the control media.
Three types of growth assays were performed with preterm ECFCs from four cord blood samples (n ϭ 4) in each study. The conditions for the three assays were as follows: 1) room air with and without recombinant human VEGF (rhVEGF; 25 ng/ml; R&D Systems 293-VE); hyperoxia with and without rhVEGF; 2) room air with and without NO gas (10 ppm) and hyperoxia with and without NO gas; and 3) room air and hyperoxia with the combination of rhVEGF with or without N -nitro-L-arginine (LNA; 2 mmol/l; Sigma N5501) to inhibit NO production. Concentrations of rhVEGF, NO gas, and LNA were established by preliminary in vitro studies and earlier publications (20, 21, 55, 59) . Media were changed every day and cells were counted in triplicate on days 0, 1, 3, 4, and 6. For counting, cells were removed from wells by enzymatic digestion with 0.25% trypsin/2.21 mmol/l EDTA (Mediatech; Manassas, VA). Cell counts were performed using a hemocytometer and the results were averaged for each time point.
Western blot analysis for VEGF, VEGFR-2, and eNOS. On days 3 and 6, cells from the room air and hyperoxic control and hyperoxia with rhVEGF groups of the growth assays were washed with ice-cold PBS and lysed in RIPA buffer (50 mM Tris ⅐ HCl, 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, and 0.1% SDS) containing a protease inhibitor cocktail (Sigma). Cell lysates were scraped off dishes and centrifuged at 10,000 g for 20 min at 4°C. Protein content in the supernatant was determined by the Bradford method, using BSA as the standard (11) . Then, 15 g of protein sample per lane were resolved by SDS-polyacrylamide gel electrophoresis, and proteins from the gel were transferred to polyvinylidene difluoride membranes. Blots were blocked for 30 min in ECL Advance blocking agent (Amersham Pharmacia Biotech, Buckinghamshire, UK) in PBS or Tris-buffered saline with 0.05% Tween 20 (Acros Organics; Belgium). These blots were incubated at 4°C overnight with a rabbit polyclonal antibody against human VEGF (Santa Cruz sc-507; Santa Cruz, CA; 1: 500) or VEGF receptor 2 (VEGFR-2; Santa Cruz sc-504; 1: 500) or a purified mouse anti-eNOS/NOS type III antibody (BD 610297; 1: 500). Antibodies were diluted in ECL Advance blocking agent in PBS or Tris-buffered saline with 0.05% Tween 20. Blots were then incubated for 1 h at room temperature with either a goat anti-rabbit IgG-horseradish peroxidase secondary antibody (Santa Cruz sc-2054; 1: 5,000 -40,000) or a goat anti-mouse IgG-horseradish peroxidase antibody (Chemicon, Millipore, AP124P, Billerica, MA; 1: 20,000). After being washed, bands were visualized by enhanced chemiluminescence (ECL Advance kit; Amersham Pharmacia Biotech). Recombinant human VEGF was used as a control. Blots were also incubated with a mouse monoclonal anti-␤-actin antibody (Sigma A-2228; 1:10,000) for normalization.
Densitometry was performed using NIH Image (version 1.61). Changes in VEGF, VEGFR-2, and eNOS protein expression were analyzed after normalizing for ␤-actin expression.
ELISA. VEGF concentration in the ECFC-conditioned media from the room air and hyperoxic control groups on days 3 and 6 of the growth assays was measured with a Quantikine ELISA kit (R&D Systems).
NO production assay. Preterm ECFCs were plated in complete EGM-2 media with 10% FBS on collagen-coated 6-well tissue culture plates at a density of 2.5 ϫ 10 5 cells/well and incubated overnight in room air. Cells were pretreated for 24 h in room air or in hyperoxia (50% oxygen) in EGM-2 media with 2.5% FBS without VEGF supplementation. ECFCs were incubated for 30 min at 37°C in HBSS (Mediatech) containing 0.5 mol/l of 3-amino,4-aminomethyl-2Ј,7Ј-difluorofluorescein diacetate, cell-permeable NO fluorescent indicator (DAF-FM DA; Calbiochem 251520; San Diego, CA) for loading and were washed with PBS. ECFCs were then incubated for 30 min at 37°C in EBM-2 in the presence or absence of rhVEGF (25 ng/ml; R&D Systems) and harvested by enzymatic digestion with 0.25% trypsin/2.21 mmol/l EDTA. Fluorescence intensity was measured by flow cytometry in the system for FITC. Mean fluorescence intensity was compared using Summit software (version 4.3; Dako-Cytomation).
Statistical Analysis
Data are means Ϯ SE. Statistical analysis was performed with the Prism software package (version 4, GraphPad Software, San Diego, CA). Paired t-test was used to compare densitometry units for VEGF, VEGFR2, and eNOS protein expression by Western blot analysis. Growth kinetics and NO production were compared by repeated measures two-way ANOVA with Bonferroni posttest analysis. P values Ͻ0.05 were considered significant.
RESULTS
Hyperoxia Impairs Preterm ECFC Growth and VEGF Treatment Increases Cell Growth in Room Air and Hyperoxia
Preterm ECFC growth kinetics were studied under the following conditions: room air without rhVEGF (RA-V); room air with rhVEGF (25 ng/ml, RAϩV); hyperoxia (40 -50% O 2 ) without rhVEGF (HO-V); and hyperoxia with rhVEGF (HOϩV; Fig. 2A ). After 6 days, preterm ECFC number from the RA-V group was significantly greater than from the HO-V group (6.2 Ϯ 0.9 ϫ 10 5 vs. 3.9 Ϯ 0.6 ϫ 10 5 cells/well; P Ͻ 0.05; Fig. 2B ). The number of ECFCs in the RAϩV group was significantly greater than that of the RA-V group (8.8 Ϯ 0.5 ϫ 10 5 vs. 6.2 Ϯ 0.9 ϫ 10 5 cells/well; P Ͻ 0.01; Fig. 2B ). Additionally, the number of ECFCs in the HOϩV group was significantly greater than that of the HO-V group (5.9 Ϯ 0.8 ϫ 10 5 vs. 3.9 Ϯ 0.6 ϫ 10 5 cells/well; P Ͻ 0.01; Fig. 2B ) and similar to that of the RA-V control group (5.9 Ϯ 0.8 ϫ 10 5 vs. 6.2 Ϯ 0.9 ϫ 10 5 cells/well; P ϭ NS; Fig. 2B ).
Hyperoxia Decreases Protein Expression of VEGFR-2 and eNOS but not VEGF in Preterm ECFCs
To determine if hyperoxia decreases VEGF-NO signaling in preterm ECFCs, we collected cell lysates and conditioned media on days 3 and 6 from RA-V and HO-V groups of growth assays. We measured VEGF protein content by Western blot analysis using cell lysates and by ELISA using conditioned media. Additionally, we measured VEGFR-2 and eNOS protein contents by Western blotting. There was no difference in VEGF protein content between RA-V and HO-V groups on day 6 (Fig. 3A) . In addition, VEGF concentrations from conditioned media on day 6 as measured by ELISA were below the detectable range in both groups (data not shown). However, VEGFR-2 and eNOS protein contents were markedly reduced in the HO-V group compared with RA-V group on day 6 by 74.3 and 61.9%, respectively (Fig. 3, B and C) . Results on day 3 ECFCs were the same as those studied on day 6.
Hyperoxia Decreases Basal NO Production and Inhibits the Ability to Produce NO in Response to VEGF in Preterm ECFCs
To determine whether hyperoxia decreases NO production by preterm ECFCs and whether exogenous VEGF increases NO production by preterm ECFCs in hyperoxia, we measured NO production with the cell-permeable NO fluorescent indicator DAF-FM diacetate by flow cytometry. Cells were pretreated in RA or HO (50% oxygen) for 24 h and then stimulated with or without 30-min exposures to rhVEGF (ϮV, 25 ng/ml). NO production in the HO-V group was significantly decreased compared with the RA-V group (P Ͻ 0.01; Fig. 4 ). Exogenous VEGF significantly increased NO production in room air (RA-V vs. RAϩV; P Ͻ 0.05; Fig. 4) . In contrast to RA ECFCs, VEGF treatment did not stimulate NO production in hyperoxia, suggesting that hyperoxia decreases basal NO production by preterm ECFCs and that ECFCs lose their ability to produce NO in response to acute VEGF treatment after 24 h of hyperoxia.
NO Treatment Increases Preterm ECFC Growth in Hyperoxia
Preterm ECFC growth kinetics were studied under the following conditions: room air without NO gas (RA-NO); room air with NO gas (10 ppm, RAϩNO); hyperoxia (50% O 2 ) without NO gas (HO-NO); and hyperoxia with NO gas (HOϩNO; Fig. 5A ). The number of preterm ECFCs on day 6 B: ECFC numbers on day 6. Hyperoxia reduced preterm ECFC growth, and VEGF treatment significantly increased ECFC growth in both room air and hyperoxia. Error bars represent SE. *P Ͻ 0.05, **P Ͻ 0.01. n ϭ 4. 
VEGF Treatment Increases eNOS Protein Expression in Preterm ECFCs in Hyperoxia
To determine the effect of VEGF treatment on eNOS protein expression in preterm ECFCs in hyperoxia, we collected cell lysates on days 3 and 6 from HO-V and HOϩV groups of growth assays. We measured eNOS protein contents by Western blotting. There was no difference in eNOS protein content between HO-V and HOϩV groups on day 3 (data not shown). However, eNOS protein contents were significantly increased in the HOϩV group compared with HO-V group on day 6 by 193% (P Ͻ 0.05; Fig. 6 ).
NOS Inhibition Reduces the Effects of VEGF Treatment on Preterm ECFC Growth
To determine whether the effect of VEGF treatment on preterm ECFC growth is mediated by NO, we studied the effects of NOS inhibition on the growth of preterm ECFCs treated with VEGF in room air and hyperoxia. Growth kinetics were studied under the following conditions: room air with or without rhVEGF (25 ng/ml) with or without LNA (2 mmol/l; RAϩVϩL, RA-VϩL, RAϩV-L, and RA-V-L; 
DISCUSSION
In this study, we show that hyperoxia impairs preterm ECFC growth, decreases protein expression of VEGFR-2 and eNOS, and reduces NO production in preterm ECFCs. We found that VEGF and NO treatment preserve preterm ECFC growth in hyperoxia. Additionally, we demonstrate that the effect of VEGF treatment on preterm ECFC growth is mediated by NO. These results suggest that hyperoxia reduces preterm ECFC function by downregulation of VEGF-NO signaling and that exogenous VEGF and NO can protect preterm ECFCs from the inhibitory effects of hyperoxia on cell proliferation.
These findings are interesting because this is the first report that demonstrates the effect of hyperoxia on VEGF-NO signaling in human preterm ECFCs and the effects of exogenous VEGF and NO on preterm ECFC growth. Insights into EPC biology during development and in pathophysiological conditions may provide new concepts for understanding the disease process and developing therapeutic options for vascular diseases, such as BPD and ROP. These findings suggest that hyperoxia-induced vascular diseases in preterm infants may . NO production after hyperoxia was decreased compared with the room air group. VEGF acutely stimulated NO production by the room air cells but had no effect on cells exposed to hyperoxia. Error bars represent SE. *P Ͻ 0.05, **P Ͻ 0.01; n ϭ 4. Fig. 5 . NO treatment increases preterm ECFC growth in hyperoxia. A: growth curves of preterm ECFCs during exposure to room air or hyperoxia (50% oxygen), with or without NO gas (10 ppm) for 6 days: room air without NO (RA-NO; F); room air with NO (RAϩNO, ■); hyperoxia without NO (HO-NO; E); and hyperoxia with NO (HOϩNO; }). B: ECFC numbers on day 6. NO treatment did not alter preterm ECFC growth from room air cells but restored growth of ECFCs exposed to hyperoxia to room air values after 6 days. Error bars represent SE. *P Ͻ 0.05, **P Ͻ 0.01; n ϭ 4.
potentially be related to impaired EPC proliferation and growth and that VEGF and NO therapies may augment EPC function. Whether inhaled NO can augment EPC function in premature infants is unknown. As noted in studies of EPCs in adult vascular diseases (4, 12, 18, 53, 61) , cord blood-derived ECFCs from preterm infants may potentially serve as a biomarker to predict disease severity or as a therapeutic option in neonatology in the future. Recently, Borghesi et al. (10) reported that extremely preterm infants who display lower ECFC numbers at birth have an increased risk of developing BPD.
Previous studies (42) have shown that VEGF elicits mitogenic, antiapoptotic, and proangiogenic effects in endothelial cells, mainly through activation of VEGFR-2 and downstream pathways, including eNOS expression and activation, and NO production. Jiang et al. (36, 37) demonstrated that knockdown and overexpression of HIF-1␣ decreases and increases VEGF, VEGFR-2, and eNOS expression in CFU-ECs, respectively. Thus we speculate that HIF-1␣ downregulation by hyperoxia may be a mechanism through which VEGFR-2 and eNOS are decreased by hyperoxia in preterm ECFCs. Failure to respond to VEGF may be attributed to decreased VEGFR-2 and eNOS protein expression; however, we cannot exclude the possibility that decreased NO production reflects decreased NO bioavailability by reactive oxygen species due to hyperoxia (13) .
Our results suggest that disruption of VEGF-NO signaling during hyperoxia reduces preterm ECFC growth. Hyperoxia decreased VEGFR-2 and eNOS levels and prevented NO production after VEGF stimulation. However, there were no differences in VEGF expression between room air-and hyperoxia-exposed ECFCs. This suggests that hyperoxia disrupts the VEGF-NO signaling pathway, not by altering VEGF levels or production, but rather by impairing the cellular ability to acutely respond to VEGF. Nevertheless, VEGF supplementation during hyperoxia protected ECFCs from hyperoxia-induced growth impairment. Moreover, NOS inhibition had no effect on preterm ECFC growth in the basal condition. These results suggest that the basal NO level in our culture system is too low to affect preterm ECFC growth and that decreased VEGF signaling through VEGFR-2 but not decreasing NO Fig. 6 . VEGF treatment increases eNOS protein expression in preterm ECFCs in hyperoxia. Western blot analysis for eNOS from cell lysates exposed to hyperoxia (50% oxygen) with or without rhVEGF (ϮV; 25 ng/ml) on day 6 of growth assay (HO-V, open bar; HOϩV, hatched bar). Error bars represent SE. *P Ͻ 0.05; n ϭ 4. Fig. 7 . Effect of VEGF treatment on preterm ECFC growth is mediated by NO. Growth curves of preterm ECFCs in room air (A) and in hyperoxia (B; 50% oxygen) with or without rhVEGF (25 ng/ml) or N -nitro-L-arginine (LNA; 2 mmol/l). Study conditions included without VEGF and without LNA (-V-L; F); without VEGF and with LNA (-VϩL; ■); with VEGF and without LNA (ϩV-L; E); and with both VEGF and LNA (ϩVϩL, }). C: ECFC numbers on day 6 in room air and hyperoxia. NOS inhibition prevented VEGF-augmented preterm ECFC growth but did not affect growth under basal conditions in both room air and hyperoxia. Error bars represent SE. **P Ͻ 0.01, ***P Ͻ 0.001; n ϭ 4. production is involved in the mechanisms through which hyperoxia reduces preterm ECFC growth.
Additionally, Ingram et al. (32) demonstrated that oxidant treatment decreases the clonogenic capacity of ECFCs and increases apoptosis. Baker et al. (5) previously showed that preterm ECFCs are susceptible to hyperoxia-induced oxidative stress, a process that can be prevented by treatment with the antioxidants. Therefore, although hyperoxia decreases VEGFR-2 and eNOS expression, preterm ECFC growth may also be decreased by another mechanism such as increased oxidative stress, which may lead to increased apoptosis.
Results from this study suggest that the effects of VEGF on preterm ECFC growth are at least partly mediated by NO. The ability of exogenous VEGF to stimulate NO production decreases after exposure to hyperoxia suggesting that hyperoxia disrupts this process. However, in hyperoxia VEGF treatment partially restores eNOS protein expression and NO treatment restores the growth of ECFCs to baseline (room air) levels. We speculate that exogenous VEGF increases preterm ECFC growth partially by protecting ECFCs from decrease in eNOS expression and by stimulating NO production in hyperoxia.
The effects of NO on mature endothelial cell growth have been previously studied by other laboratories (25, 64) , but the effects of NO on endothelial cell or EPC growth under hyperoxic conditions have not been fully studied. Hoetzer et al. (28) demonstrated that eNOS inhibition does not alter EPC colonyforming capacity. However, the cells used in their study were peripheral blood-derived, adult CFU-ECs, not cord bloodderived, preterm ECFCs. Additionally, eNOS expression and capacity of NO production are different among adult CFUECs, ECFCs, and mature endothelial cells. Basal eNOS protein expression in ECFCs is lower than mature endothelial cells but higher than CFU-ECs (23) . The capacity of NO production by VEGF stimulation of ECFCs is higher than that of CFU-ECs (29) .
Decreased eNOS expression, impaired eNOS activation or activity, and accelerated NO degradation by ROS such as peroxynitrite (formed when superoxide combines with NO) all cause a decline in NO bioavailability (13) . In the present study, NOS inhibition had no effect on preterm ECFC growth in basal conditions and VEGF-induced endogenous NO increased growth in both room air and hyperoxia. However, pharmacological doses of exogenous NO only increased growth in hyperoxia. We cannot fully explain these results but speculate that the basal level of endogenous NO in our culture system may be too low to affect preterm ECFC growth. Additionally, the main mechanisms through which exogenous NO and VEGF-induced endogenous NO affect preterm ECFC growth may be different due to different administration routes, production sites, or NO amounts.
Pharmacological levels of exogenous NO may increase growth mainly through a hyperoxia-specific effect. For example, increased scavenging of superoxide could result in optimization of the balance between ROS and NO or an overcoming of the decreased NO bioavailability during oxidative stress. Endogenous NO may increase growth mainly through hyperoxia-nonspecific effect on ECFCs, for example, activating soluble guanylate cyclase and increasing cGMP.
We conclude that hyperoxia decreases growth and disrupts VEGF-NO signaling in preterm ECFCs, that VEGF treatment restores preterm ECFC growth in hyperoxia by increasing NO production and that NO treatment increases preterm ECFC growth during hyperoxia. Finally, we speculate that exogenous VEGF or NO may partially protect preterm ECFCs from the effects of hyperoxia and that protection of preterm ECFCs from the adverse effects of hyperoxia may improve outcomes in preterm infants at risk for BPD and ROP. 
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